In a full-arch implant rehabilitation ad modum Branemark, the distribution of stress and strain in mandibular bone is influenced by the type, number and position of implants used. In particular, the biomechanical behaviour of the bone structure after complete osseointegration depends on the load transferred to the bone by each fixture. In this study, a finite-element analysis of two models was performed. Models of an all-on-four configuration and a six-implant configuration were compared in a worst-case scenario. A new V parameter is presented to aid the quantitative and comparative analysis of the all-on-four and six-implant configurations. The influence of orthotropy was also investigated, and a geometric change in the all-on-four configuration is presented.
Introduction
Dental implants are a fundamental surgical treatment to restore dentition. One of the worst failure modes of this treatment is ascribable to bone loosening around the implant due to un-physiological stress response under masticatory load. Because of the current impossibility of direct measurement or analytical treatment of the problem, FEM analysis was used to simulate the behaviour of bone and implants under this stimulus [1] - [3] . In mathematics, the finite element method (FEM) is a numerical technique for finding approximate solutions to boundary value problems for partial differential equations. It uses subdivision of a whole problem domain into simpler parts, called finite elements, and variational methods from the calculus of variations to solve the problem by minimizing an associated error function. Over the last 10 years, many studies have investigated, for example, the influence of the number and inclination of implants in dental replacements [2] [4] [5] . In spite of the number of studies the best number of implants or a universal parameter to assess the stress affecting the bone is still under analysis. The former is rarely discussed in literature [6] , while the latter is more widely covered, with numerous papers considering equivalent von Mises stress (EvMS) as a safe of bone stress parameter [1] [3] [5]- [9] , but others [10] considering the EvMS unreliable. An alternative stress index, the elastic strain energy density, is extensively used as a key bone remodelling factor in related literature, see for example references [11] - [13] . The use of EvMS is often related to a rather simplistic assumption of isotropic, homogeneous bone scheme [1] [3] [5]- [9] . This type of assumption is helpful in the face of the growing complexity of mechanical property characterization. EvMS is also specifically defined in order to ignore the hydrostatic stress tensor component, which is known to be insignificant for wide families of materials, although no specific verification is available for bone.
On the basis of a new parameter, the present study develops a finite element model to analyse the mechanical behaviour of two mandibular full arch titanium bridges mounted on four and six Sweden & Martina implants (4.10 mm in diameter and 15 mm in length) respectively. The aim of this study is both to introduce a new scalar parameter summarizing the peri-implant bone stress condition, and compare the six-implants and all-on-four configurations for supporting a complete mandibular dental bridge.
Materials and Methods
The mandible model was created by converting computed tomography (CT; Aquilon™ 16; Toshiba Medical Systems Corporation, Otawara-shi, Japan) images into a three-dimensional (3D) finite element model (FEM) using the Altair HyperMesh™ (9.0; Tokyo, Japan) software. The model was then imported in MSC Marc™ (2007r1; Santa Ana, CA, USA) software for finite-element analysis. A CT scan yielded only a partial model of the mandible which did not include the zones near the condyle (Figure 1) . These zones are considered in kinematics even if not in compliance, however the influence of the latter is small it being remote from the stress sampled areas, and with the support system quasi-isostatic. Implant components used in the simulation were Out-Link2™-Sweden & Martina™, Due Carre (PD), Italy. The full-arch bridge was modelled as a curved, inverted T-beam section passing 4 mm above each implant. Since the implant location is anatomically defined, the bridge shape is complex. The connection between the abutment and dental bridge was simulated as a hollow circular beam, with inner and outer diameters of 2 and 2.46 mm respectively. The materials' mechanical properties were taken from bibliography (Table 1) [9] [14]- [16] . In particular, cortical bone was considered orthotropic, whereas both trabecular bone and titanium were modelled as isotropic. Moreover, to investigate the influence of orthotropy itself, a second FEM simulation was run, in which the cortical bone was modelled as isotropic, with properties as in Table 1 . This check is relevant because, although CT data permits the analyst to achieve a reliable geometrical representation of the mandible, to the best knowledge of the authors, it is not possible to obtain a pointwise assessment of the orthotropy of the principal directions vector field, and some degree of arbitrariness is inevitable. In the present model the orthotropic material principal directions are oriented according to on a sliding cylindrical coordinate system, the axis of which is locally tangential to the mandible bone curve centreline. The first material preferential direction (direction 1) was thus assumed to be locally axial to the mandible structure, the weakest direction (direction 3) was considered as radial and hence roughly normal to the cortical layer, and the second preferential (direction 2) was derived as orthogonal to the other two. As regards the remodelled bone areas (a 0.8 mm thickness around each implant), a fully isotropic bone model was used. Such variations in material properties are known in literature, see references [17] and [18] , and moreover the authors were fully aware that a global orientation procedure was locally unreliable due to the alteration of the beam-like structure induced by dental cavities. The finite element model of the bone contains 296 k nodes and 1.34 mln linear tetrahedral elements; most of those elements (725 k) are located within the cortical bone structure. The average element size of 0.6 mm edge length on the cortical bone enables the presence of at least two elements across the layer thickness.
To simulate muscular loads, a control node was created and linked to the nodes located near the insertion zones identified as (1) . A force was applied to the control node in the physiological direction of the muscle. The internal and external masseter, medial and internal pterygoid, and temporalis muscles were considered in this model; the lateral pterygoid muscle was not included. The muscular force values were taken from literature (1): the muscular load application areas are shown in Figure 2 , and the directional cosines of the loads are listed in Table 2 . Moreover the numerical values of the muscular loads are scaled in respect to (1) in order to yield an occlusal force of about 400 N, as in [19] . The kinematics of the mandible was modelled with two cylindrical joints at the condyle areas as shown in Figure 1 . In analogy with physiological behaviour, the rotation of the structure was constrained by a contact support in dental bridge which reacts to the jaw closing force. The corner of the bridge (Figure 3(a) ) was chosen to simulate the worst-case loading scenario [6] . The bone-fixture interface was modelled as a fully adherent interface between the two elastic bodies. Full displacement continuity was granted across the interface; the normal stress component and tangential shear actions were also continuous. This behaviour marches a complete osseointegration. The fixture-abutment interface was also analogously modelled in order to simulate a regularly tightened threaded connection.
Two independent models were created on the basis of the aforementioned boundary conditions. The first one with six implants as shown in Figure 3(a) , with the two distal implants inclined at 30˚ approximately. The second implemented an all-on-four configuration as in Figure 3 (b), with implants 2 and 5 removed. The remaining four implants were in the same position in both models. It is important to note that the positions of the implants were based on an actual clinical case. 
The V Parameter
The MSC™ Marc/Mentat 2007r1 Finite Element solver, pre and post-processor suit was used. Firstly, the resultant force and moment acting on all the fixtures along the dental bridge were retrieved for both the configurations. Then, the resultant force and moment of the most loaded fixture were analysed in term of their components along three orthogonal axes based on the Gram-Schmidt orthogonalization of the following directions: the axis of the fixture (a), the local longitudinal axis of the bridge (l), the third transverse axis (t) derived as normal to the previous two. However, the lack in literature of a consolidated, experimentally validated equivalence formula for complete (Nl, Na, Nt, Mfl, Mt, Mft) and purely axial loads prevents a direct (scalar) comparison between the load levels at the implants, and further parameters (stress level based) have to be considered. The equivalent von Mises stress (EvMS) is ubiquitous in literature and in mechanical engineering practice as a pointwise stress level index, and its peak within the structure is usually taken as representative of the overall criticality. The choice of
the EvMS as a multiaxial to uniaxial equivalency index for metals is preferred over others since it neglects the hydrostatic stress component, which is known not to cause damage in such materials; unfortunately, since the same information is not available within the bone realm, a more proper choice is perhaps the Equivalent Beltrami Stress (EBS), since it takes into account both the deviatoric and hydrostatic stress components. Such a choice is analogous to the adoption in literature of the strain energy density (SED) as a stress level indicator, with the relation
between the two quantities in the isotropic realm (E being the material Young modulus). Moreover, the stress field is known to be singular (i.e. unbounded) at multi-material interfaces under given conditions-see e.g. [20] [21]. In particular, at the first-adherence edge between an implant and the surrounding bone tissues, a singular field is predicted; in the example configuration of a 90˚ angle profile of the bone component (Figure 4) , the local stress spike has unbounded components ( )
according to [22] formulas. The discrete nature of the FEM method forces the resultant stress levels-and consequently both EBS and EvMS-to remain finite, but its pointwise value at the material discontinuity edge is a function of the local element shape and size, and predicted to indefinitely grow as the latter decreases. An appreciably blunt edge profile in the FE model would be required to regain stress peak significance. To overcome the singular peak issue, the authors introduced a volumetric based parameter V, defined as the volume of bone [mm 3 ] exceeding a certain EBS value (or equivalently a certain strain energy density value). A deeper analysis of this choice is presented in paragraph 4. The upper limit of the EBS value from literature was designated as the cortical tensile strength value reported in [11] , i.e. 120 MPa. Although this value is relatively high, it was chosen because the analysis considers a worst-case scenario in terms of loads. In any case, such a choice is not critical since the analysis must be intended as comparative, rather than absolute. An increase in the V parameter indicates an increase in the quantity of bone stressed above the damage threshold, and hence a more critical condition for the structure. In the perspective of a remodelled prone material, such an index appeared preferable to the authors compared to the peak stress value, since it could better represent the adaptation efforts of living tissue in load bearing situations.
To evaluate the influence of orthotropy on the models, the same analysis was repeated with the assumption of cortical bone isotropy. The mechanical properties of cortical isotropic bone are listed in Table 1 . Moreover, a bridge cantilever length variation was introduced in the configuration with the greatest V parameter value; the amount of geometrical correction was then tuned in order to achieve matching criticality indexes. The interest in the influence of such adjustment is related to the fact that this empirical correction is customary in the dental surgery practice.
Results
Numerical values for the resultant force and moment magnitude acting along the dental bridge are shown in Figure 5 . In both the all-on-four and six-implant configurations, the most loaded implant was fixture No. 6. The force and moment components acting on fixture No. 6 in both configurations are reported in Table 3 , which also shows the relative variance. The V values for both the models are collected in Table 4 . In the model with the Figure 5 . State of equivalent force (a) and moment (b) along the dental bridge in the six-implant and all-on-four configurations. The numerical data are relative to a thin-walled section beam. In both models, implant No. 6, which was closest to the external stimulus, showed the highest loading. For this fixture, the all-on-four configuration had less equivalent force but a greater equivalent moment than the six-implant configuration. Table 3 . Numerical values and percentage change in the force and moment in the longitudinal, axial, and transverse directions in the all-on-four and six-implant models. Because the values obtained were dependent on the control node position, the node was maintained at the surface height of the mandibular bone and along the fixture axis to simulate stresses on the bone surface. 
Resultant moment [Nmm]
Fixture number six implants all-on-four six-implant configuration, stress/strain levels exceed the reference limit in a much smaller volume of bone than in the all-on-four model. Strain energy density maps are shown in Figure 6 for both the configurations. Table 5 and Table 6 list the force and moment components split along the three orthogonal axes, the V parameter values for both the orthotropic and isotropic cases in both configurations; data relative variation is also presented. Since according to Table 4 the all-on-four configuration leads to higher V values, the cantilever length was parametrically reduced by shortening the bridge; the resulting V values for the six-implants and the all-on-four are found to be equal in the case of a 2.0 mm length correction value.
Discussion
The choice of the V parameter is due to the necessity to introduce a more mesh-independent criterion compared to the usual "maximum equivalent stress". Stress singularities are predicted at bi-material interfaces in well known families of cases [3] [20] [21] . The definition of the V parameter is based on EBS, and hence on the reduction of the multiaxial stress state to a simpler uniaxial one by using an elastic deformation energy density equivalency criterion. Moreover, by using the V parameter is possible to establish stress states in terms of an equivalent volume, which seemed to the authors significantly more comprehendible and practically applicable than an energy density or EBS value. Considering the numerical simulation results, the load with highest magnitude is borne by the sixth fixture of the six-implant configuration, whilst the maximum moment in magnitude acts on the same fixture in the all-on-four configuration, as shown in Figure 4 . It is impossible from the aforementioned data to determine which configuration showed superior performance, it being difficult to meaningfully reduce forces and moments to a common parameter. By conducting a component specific analysis of the resultant load as in Table 3 , the data show that only the axial force component is smaller in the all-on-four model, whilst all the others are significantly higher. Because this component is known to be the less critical one [23] , the previous observation suggests that the six-implant configuration performs better than the all-on-four variant. The analysis of V parameter values is coherent with such an interpretation since, as in Table 4 , a greater V value was found for the all-on-four configuration for the same geometry, materials, and boundary conditions. In addition, the trend was confirmed by EBS value maps (Figure 7) .
The results of the orthotropic and isotropic models were compared. As previously mentioned, such comparison is useful to estimate the influence of material anisotropy, since its characterization is error prone due to the uncertainty of a pointwise definition the principal directions. Far from being an academic exercise, the isotropically approximated bone material, with E = E3, fits both the nature of the bone in the implant proximity-which is the area of actual interest, and the global bending behaviour of the mandible, the latter being a hollow-section beam-like structure, of which the longitudinal modulus (E_1 as described above) is the only elastic modulus concurring to define the bending stiffness. In fact, as shown in Table 5 and Table 6 , the two different material models return very similar results. The present analysis showed that the orthotropic/isotropic bone modelling switch for the cortical bone did not significantly influence the load born by the various implants, in accordance with [5] [7]- [9] . However, the V parameter was affected by the material modelling change, confirming that the orthotropic nature of the cortical bone is not negligible in quantitative analysis of the behaviour of dental implant. From a clinical perspective, the V parameter analysis provides data that the dental surgeon can exploit in order to appropriately modify the cantilever geometry, thereby reducing the stress conditions in the bone, and specifically to achieve with an all-on-four layout the same safety conditions as a six-implant configuration.
Conclusions
Analysis confirmed that an increase in the number of implants in general decreases stress levels at the boneimplant interface, although the significantly hyperstatic nature of the structure makes this type of conclusion problematical, clearly leaving space for counter examples. Furthermore, it was found that bone stress behaviour differed between orthotropic and isotropic cortical bone materials, and it was thus concluded that a modelling choice of this type influences the results. Finally, a new scalar index was introduced, the V parameter, which 
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provides quantitative results related to the stress condition of mandibular bone. A reduction in cantilever length was proposed in order to decrease V parameter values in all-on-four layouts and increase safety up to typical six-implant configuration levels.
